Abstract-A micro-grid is a weak electrical grid, which can be easily subject to disturbances because it includes a variety of intermittent power sources, single-phase, three-phase and nonlinear loads, which can have a dynamic impact on power quality. The unbalance and the harmonic components in current and voltage waveforms are the most important among these. In this paper, the topologies and the control strategy of two Active Power Conditioners (APC) have been investigated in order to improve the operation of a micro-grid. The APC topologies presented in this paper act as an interface between renewable energy sources and the AC bus of a micro-grid. They also use an improved control strategy, which makes possible to inject energy in the micro-grid, compensate the current harmonics and correct the power factor. Moreover, the proposed control strategy allows the line current at the point of common coupling (PCC) to be balanced and sinusoidal even when the load is unbalanced. Consequently, the voltage at the PPC becomes balanced. The validity of the innovative control strategy has been proved in simulation using Matlab/Simulink environment.
I. INTRODUCTION
Uring the past few years and especially post-Fukushima, for the first time in history, many countries with a nuclear past have considered the level of future demand for electricity to be unclear. The Fukushima crisis only exacerbates the major changes that the energy sector is facing due to a combination of environmental, resource and demand factors. Under such circumstances, the advantages of renewable and distributed energy generation offer an attractive alternative for power supply.
The increasing penetration level of the renewable energy sources and their variability can make the electrical grid become weak and compromise its proper operation.
Among the different investigated solutions to overcome the above mentioned drawback, the most promising consists in splitting the electric grid into micro-grids. Thanks to the role of power electronics, the micro-grids are expected to contribute to improve energy efficiency and power supply reliability as well as to increase the use of renewable energy sources [1] . A micro-grid can be defined as a portion of an electric power distribution system that is located downstream of the distribution substation and includes a variety of Manuscript received October 18, 2012; revised November 29, 2012 I. Vechiu is with ESTIA, F-64210 Bidart, France, (e-mail: i.vechiu@estia.fr).
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A micro-grid is different from a main grid system, which can be considered as an unlimited power so that load variations do not affect the stability of the system. On the contrary, in a micro-grid, large and sudden changes in the load may result in voltage transient of large magnitudes in the AC bus. Moreover, the proliferation of switching power converters and nonlinear loads with large rated power can increase the contamination level in voltage and current waveforms in a micro-grid, forcing to improve the compensation characteristics required to satisfy more stringent harmonics standards.
The APC has proved to be an important alternative to compensate current and voltage disturbances in power distribution systems [2] , [3] . Different APC topologies have been presented in the technical literature [4] , but most of them are not adapted for micro-grids applications.
This paper presents a comparison between two four-wire APC used to improve the power quality in a micro-grid. The first one uses two capacitors to split the DC link and tie the neutral point to the mid-point of the two capacitors. The second one provides a neutral connection for three-phase four-wire systems using a four-leg. The attention will be mainly focused on the innovative control strategy used to control the two APC, which allows injecting energy in the micro-grid, compensating the current harmonics, correcting the power factor and balancing the supply voltage at the PCC.
II. ACTIVE POWER CONDITIONER TOPOLOGIES
Generally, in industrial installations, power is distributed through a three-phase four-wire system.
In this kind of system, the loads could be single as well as three-phase. When several nonlinear single-phase loads are placed on a distribution system, the power required by each of these loads can cause unbalance in the power system and neutral currents flows [4] . As mentioned before, switching high power converters and nonlinear loads can increase the contamination level in voltages and currents waveforms in a grid. The use of a three-phase three-wire shunt active power filter cannot effectively reduce or eliminate line harmonics in this case [5] . An effective solution to this problem is to use a three-phase four-wire active power filter [6] , [7] . If the system requires a neutral point connection, a simple approach is to use an APC with two capacitors to split the DC link and tie the neutral point to the mid-point of the two capacitors. This topology allows the current to flow in both directions through the switches and the capacitors and can generate voltage deviation between the DC capacitors. Another option is to consider a three-phase four-leg APC. This topology involves an additional leg, expanding the control capabilities of the inverter using the same DC-link voltage. The fourth leg provides a path for the neutral current when the load is unbalanced. The topologies of the investigated APC and its interconnection with the micro-grid are presented in Fig. 1 and 2 . For both topologies, the neutral current is defined as:
where, i fa , i fb , i fc are phase APC currents and i fN is the APC neutral current.
Therefore, the total DC voltage will oscillate not only at the switching frequency but also at the corresponding frequency of the neutral current. As shown in [2] , if the current control is made by hysteresis, the above mentioned drawback can be limited with a dynamic offset level added to both limits of the hysteresis band.
For the investigated topologies presented in Fig. 1 and 2, the current at PCC is:
i x , i lx , i fx are the micro-grid side current, the load current and the APC current respectively. The x index points the a, b and c current phases.
The instantaneous load current is:
where, As shown in Fig. 2 , the current drawn from the grid has to be sinusoidal and moreover, in phase with the voltage at PCC. Consequently, the control strategy for the APC has to be designed in order to ensure a sinusoidal wave for the grid current:
The APC switches generate undesirable current harmonics around the switching frequency and its multiples. Considering the switching frequency of the APC sufficiently high, these undesirable current harmonics can be filtered with the LR passive filter.
III. CONTROL OF THE APCS
A. Control Strategy Different control algorithms for the APC can be found in the literature [8] , [9] . Generally, the controller design is made considering that the grid voltage at the PCC is balanced. In a micro-grid, the supply voltage itself can be distorted and/or unbalanced. Consequently, the controller of an APC used to improve the power quality in the micro-grid has to be designed according to the weakness of this kind of grid.
The proposed control algorithm is a compensation method that makes the APC compensate the current of a non-linear load by forcing the micro-grid side current to become sinusoidal and balanced ( Fig. 2 and 3) . The controller requires the three-phase grid current (i a , i b , i c ) , the three-phase voltage at the PCC (v a , v b , v c ) and the DC-link voltage (V DC ). As shown in Fig. 3 Using this magnitude and phase displacement of 120° and 240° respectively, the reference three-phase grid currents i a *, i b * and i c * can be expressed as:
As shown in Fig. 2 , in the case of the four-wire, four-leg APC control strategy, a fourth loop is added in order to control the neutral current. In order to ensure a balanced three-phase grid voltage even when the load is unbalanced, the neutral current is forced to be zero using the degree of freedom available with the fourth leg.
B. Switching Control
For the two topologies, the hysteresis control has been used to keep the controlled current within a defined band around the references. The status of the switches is determined according to the error. When the current is increasing and the error exceeds a certain positive value, the status of the switches changes and the current begins to decrease until the error reaches a certain negative value. Then, the switches status changes again.
Compared with linear controllers, the non-linear ones based on hysteresis strategies allow faster dynamic response and better robustness with respect to the variation of the non-linear load. A drawback of the hysteresis strategies is the switching frequency, which is not constant and can generate a large side harmonics band around the switching frequency.
To avoid this drawback, the switching frequency can be fixed using different solutions, like variable hysteresis bandwidth [10] or modulated hysteresis [11] . For the present study, the hysteresis band (HB) is modulated at different points of fundamental frequency cycle to control the switching pattern of the inverter [12] :
where f c is modulation frequency, v s is the phase voltage, i * is the phase reference current and L the AC passive filter inductance.
IV. SIMULATION RESULTS
The two APCs equipped with the proposed control algorithm have been analyzed during many simulations in various operating conditions using Matlab, SimPowerSystems toolbox. All the APCs parameters are shown in Table I .
During all the simulations, the power coming from the renewable energy sources is considered unvarying (around 11 kW) and the short-circuit power at the PCC is weak compared to the maximum power of the system (R cc =S cc /P=5, where S cc is the short-circuit power at the PCC and P is the power of the system).
The operation of the three-leg and four-leg APCs has been analyzed in simulation according with the following power quality indicators: THD (Total Harmonic Distortion), power factor and voltage unbalance. A. Power System without APC In order to illustrate the effects of a high-distorted three-phase load, the power system has been first analyzed when the weak grid directly supplies the load without compensation. A three-phase diode bridge rectifier connected in parallel with a three-phase RL load whose total active power is 19.8kW and the total reactive power is 12.9 k VAR composes the total load. For this case study, the RL three-phase load induces the unbalance. The phases a, b and c of the load are charged with the active and reactive power presented in Table II . Fig. 3 shows the load currents and supply voltage. As it can be seen, for this case study, the load is highly non-linear and consequently, the current and the voltage are highly distorted. The THD, the voltage unbalance and the power factor (PF) values are shown in Table II . The THD current and the voltage are also illustrated in Fig. 4 . Fig. 5 shows the currents and supply voltage at the PCC when the four-wire three-leg APC and control illustrated in Fig. 1 is used to improve the power quality. As it can be seen, most of the current required by the load (i l,abcn ) is injected by the APC (renewable energies, i f,abcn ) and the balance comes from the micro-grid, i g,abcn . When several single-phase loads are unequally distributed on a distribution system, the fluctuating power required from each of these loads can cause unbalanced voltage in a weak power system. Under unbalanced conditions, the distribution system will incur more losses and heating effects and will be less stable.
B. Power System with a 3-Leg APC
For this case study, the investigated power quality indicators are illustrated in Table III . As illustrated in Fig. 5 and 6 , the proposed control strategy is able to improve the THD of the micro-grid side current, to impose a unity power factor between the micro-grid side currents and the supply voltage, but the micro-grid side currents are not exactly sinusoidal. This is due to the high unbalance of the load that produces a neutral current, which cannot be handled by the DC-bus capacitors. 
C. Power System with a 4-leg APC
The same operation conditions have been used to illustrate the results at the PCC when the four-wire four-leg APC (Fig.  2 ) is used to improve the power quality. Fig. 7 and Fig. 8 as well as Table IV show that the investigated power quality indicators are better controlled when the neutral current is handled using a four-leg APC. In this case, the micro-grid side current becomes balanced, sinusoidal and consequently, the voltage at the PCC is also balanced. The level of the voltage unbalance is expressed in accordance with the definition of the ''degree of unbalance in three-phase systems'', which has to be lower than 2% (standard EN 50160). In this paper, a three-leg and a four-leg APC have been compared in order to improve power quality in micro-grids based on renewable energy. The APCs are controlled using an innovative control strategy allowing the line current at the point of common coupling to be balanced and sinusoidal even when the load is unbalanced.
This approach presents the following advantages:  The control system is simpler, because only three sinusoidal waveforms have to be generated for the reference currents.  These sinusoidal waveforms to control the current are generated in phase with the main supply, allowing unity power-factor operation.  The control of the three-phase line current enables the three-phase voltage balance at the PCC, allowing excellent regulation characteristics. Different extreme case studies have been investigated with the APCs simulated using Matlab Sym Power System and the simulations results have shown that the use of a four-leg APC together with the proposed control strategy offer better power quality performances in a weak grid context.
